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L I S T  OF SYMBOLS 
- relative width sf' the i-th layer of overburden 
beam 
- pillar width, in 
- plate size, in 
- modulus of elasticity, psi 
- deformation modulus sf the f - t h  overburden 
stratum, p s i  
- elastic parameter of the Kelvin-Voigt unit of 
standard Burger model, psi 
- elastic parameter of the Maxwell unit of standard 
Burger Model, psi 
- flexural stiffness of a composite overburden beam 
- creep function for Burger model 
- reduction factor for modulus of deformation due 
to size effect 
- shear stiffness of a composite overburden beam, 
lb/in 
- function describing variation of the vertical 
displacement with depth 
- thickness of the i-th overburden stratum, in 
- thickness of weak floor strata, in 
- pillar height, in 
4. 
- moment of inertia, in 
- plasticity factor 
- shape coefficient 
- constant for Vlasov model of weak floor strata 
- pillar length, in 
- number of layers within overburden 
- number of pillars in a panel 
- viscous parameter of the Kelvin-Voigt unit of the 
standard Burger model, psi day 
9 viscous parameter of the Maxwell unit of the 
standard Burger model, psi day 
- external pressure, psi 
- pillar pressure after mining, psi 
- pillar pressure before mining, psi 
- ultimate bearing capacity, psi 
- distance between the neutral axis and the center 
of the i-th overburden stratum, in 
- time, days 
- horizontal displacement, in 
- vertical displacement, in 
- coordinates, in 
- dimensionless parameters for the standard Burger 
model 
- pillar strain due to elastic behavior 
- additional pillar strain due to plastic behavior 
- P o i s s o n P s  ratio for w e a k  floor strata 
- P s i s s o n s s  r a t i o  for i-th overburden stratum 
1 . INTRODUCTION 
A two-dimensional subsidence prediction model for partial 
extract ion room-and-pillar mining (PANEL.2D) was developed and 
validated under grants from the Mine Systems Design and Ground 
Control Generic Center, Illinois Mine Subsidence Research 
Program, and the U.S. Bureau of Mines. The theoretical 
background for the model and some of the validation results have 
been presented by the authors elsewhere (Pytel, Chugh, Zabel, 
Caudle, 1988; Pytel and Chugh, 1989). This manual has been 
prepared to permit engineers and technologist to use this model. 
Copies of Pytel et al (1988) and Pytel and Chugh (1989) are 
included in Appendix I to provide the reader with theoretical 
background for the model and validation results. 
2 .  OVERVIEW OF THE MODEL 
PANEL.2D is an approximate analytical model based on 
the theory of beams resting on elastic or inelastic foundations. 
The physical problem (Figure 1 a) consisting of overburden, coal 
pillars, and floor strata is idealized as in Figure lb and 
analyzed approximately. Overburden strata are idealized as a 
composite elastic beam of unit width with stepwise varying 
flexural and shear stiffness. The loads imposed on the composite 
beam are transmitted to weak floor strata through coal pillars 
with elastic or elastic-plastic behavior. Coal pillars are 
represented by one-dimensional springs with linear or non-linear 
characteristics. The floor strata underneath the pillars is 
idealized as a two-layer rock mass with a weak upper layer 
resting on a non-deformable rock layer. The weak upper layer 
represents all weak floor strata as a single h o m o g e n e o u s ,  
isotropic layer with equivalent elastic and time-dependent 
deformation behavior. Stress-deformation behavior of weak floor 
strata may be represented by one of several models such as 
elastic-half space,  t h e  W i n k l e r  model, confined clay l a y e r ,  o r  
Vlasov elastic layer (Pytel et a l p  1988). 
It is assumed that vertical bed separations do n o t  occur 
in overburden strata due to small mining deformati~ns in room- 
and-pillar mining. However, lateral movements along different 
beds may occur during the bending process of overburden strata, 
i.e. roof-coal-floor strata interfaces may be assumed rough or 
smooth. Imposed external loads on the beam are assumed to be 
gravitational only due to the weight of overburden. These loads 
induce only vertical reactive forces at the pillars (Figure 1c). 
The overburden beam, coal seam, and floor strata are 
subdivided into small blocks through grid network. The size of 
the grid block depends upon the desired calculation accuracy or 
the size of pillars and openings. One or more panels may be 
considered in the analysis process. 
Capabilities of the Model 
1 )  All openings and pillars in one or more panels up to 
a maximum of 120 pillars may be included in the 
model. 
2) The program permits three options in load-deformation 
behavior of coal measure rocks: 
(i) Linear elastic behavior of a11 strata including 
overburden, coal seam, and floor strata. 
(ii) As in (i) above and time-dependent behavior of 
weak floor strata only. 
(iii) As in (i) above and elastic-plastic behavior 
sf c o a l  pillars, 
3 )  Time sequence of mining can be modeled in two- 
dimensions. 
4 Permits consideration sf varying overburden lithobgy 
and floor strata lithology. 
Limitations of the Model 
1 )  Small panel depth to panel width ratio which 
justifies application of the beam theory. 
2) Model formulation assumes small strain theory. 
3) In-situ horizontal stresses cannot be simulated. 
4) This model does not permit bed separations. 
5) Non-homogeneous floor strata can be modeled as a two- 
layer system with the weak layer overlying a non- 
deformable layer. 
6) Only two-dimensional problems may be solved. 
7 )  It requires a regular panel geometry and mining 
sequence in the plane perpendicular to the paper. 
3. COMPUTER SYSTEM REQUIREMENTS 
The PANEL.%D program has been written in F O R T R A N  l a n g u a g e  
and is presently operational on a PRIME 9955 mini-computer in the 
College of Engineering and Technology with a PRIMOS V . 2 1 . 0 . 5  
operating system. The program may be modified to run on a PC, 
but the size of problems that may be run will be significantly 
reduced, The program output may be analyzed for g r a p h i c a l  output 
through the GRAPH2 option (Missavage, 1987). 
4 MODELING OF THE PHYSICAL PROBLEM FOR PANEL.2D 
ANALYTICAL MODEL 
4 . 1  Modeling of Overburden Strata as an Equivalent Beam 
I t  is seasonable to assume that in a partial extraction 
room-and-pillar mining system at least the overburden remains in 
a linear elastic deformation phase. The overburden can then be 
transformed into a composite beam of unit width and with stepwise 
varying fexural stiffness EI(i) [lbin2/in] and shear stiffness 
GF(i) [lb/in] reflecting deformability characteristics of roof 
strata along a given section lljn. The stiffness of overburden 
strata beam depends on the degree of bonding between I1mT1 layers 
and two extreme cases are considered in the model: 
I. Different overburden layers are fully bonded and the 
overburden is treated as a one thick beam of stiffness EI( j) or 
GF(j) (see Figure 2): 
11. Overburden strata interfaces are perfectly smooth, and 
the overburden beam consists of a set sf sub-beams which may be 
characterized by the following stiffness: 
where E i  and vi are the elasticity modulus and Poisson's ratio 
respectively of the (i)th layer of hi thickness and relative 
width bi = Ei/Em (Em is the deformability modulus for the m-th 
layer). A small computer program (OVER) was developed in the 
FORTRAN language using the above mentioned relationships (1-4). 
The following numerical example illustrates the calculations for 
beam stiffness, 
Numerical Exam~le: The overburden thickness of 379 ft. consists 
of 3 0  different rock layers. The overburden lithology with 
thickness, flexural modulus and Poisson's ratio for different 
layers, is presented in Table 1 .  
The input data (file: IN.OVER) consists sf three columns 
o f  m (number o f  l a y e r s  m = 3 0 )  components: flexural modulus 
[psi], layer thickness [in] and Poisson's ratio (see Table 2). 
Program " O V E R w  is invoked by typing: 
x OVER 
The results sf e a l ~ u b a t i s n  ( f i l e :  OUT.OVER) are displayed by a 
command 
and the display shows the flexural and shear overburden s t i f f n e s s  
for bonded and unbonded interface cases (see Table 3). 
4.2 Modeling of Floor Strata 
The immediate floor strata is transformed into an 
equivalent homogeneous rock mass of thickness He. Depending upon 
the ratio of pillar width B and thickness Hc of floor deformable 
strata, the following linear models of weak floor strata behavior 
are available in the program: 
1 .  Winkler model - (B/Hc> 2.0) which assumes that the 
deflection w(x,y) of the rock/soil medium at any point on the 
surface is directly proportional to the stress q(x,y) applied at 
that point and independent of stresses at other points. 
2. The elastic half-space - (B/H,< 0 . 2 5 )  for which the 
deflection of t h e  weak floor strata surface can be o b t a i n e d  by 
integrating Boussinesq's solution for the concentrated force 
acting on the surface of an isotropic elastic half-space. 
Settlement value depends on the shape of the loaded area and on 
the distance from the center of the loaded area to the given 
point. 
3. Confined clay layer - (0.25 S B/HcS 2.0) developed by 
Taylor and Matyas ( 1 9 8 3 ) .  This model considers the elastic 
settlement of a uniformly loaded strip area on clay foundation. 
The calculation is based on the solution of Kelvin's equation for 
a line load acting within an infinite solid. 
4 .  Vlasov model of an elastic layer - (0.2% B/HcS 2.0). 
It assumes a state of strain in the foundation which imposes the 
following relationships for h o r i z o n t a l  a n d  v e r t i c a l  
displacements: 
where h(z) is an arbitrarily assumed function describing the 
variation of the vertical displacement w(x,z) with depth ( z ) ,  and 
may be expressed as: 
h(z) = sin h CY(H~-Z)/~]/S~~ h ( Y H ~ / ~ )  
The qualitative differences between the above-mentioned time- 
independent (elastic) models of weak floor strata behavior are 
illustrated i n  Figure 3. It should be emphasized that a l l  these 
model% depend on two parameters only: 
Poissonqs ratio v which may be determined from 
~ a b ~ r a t o r y  tests on rock cores, and 
Modulus of elasticity E of the rock determined from 
p l a t e  l o a d  t e s t  using s t a n d a r d  p rocedures  and scale (size) effect 
factor f e  = 0.3 - 0.6 suitable for plate sizes B = 6 - 1 2  [ i n ] ,  
pl 
Chugh, Pula, and Pytel ( 1 9 8 9 ) :  
where Is is the coefficient depending on the plate shape (for 
rigid square plate I- 0 .88) ,  B is the plate size, and q is unit 
PI 
pressure on rock/soil (it is accepted q-0.5 quit ) ,  w is the 
corresponding plate settlement, and quit is the ultimate bearing 
capacity. 
Additional time-dependent displacements of the mining 
structure are assumed to be related to visco-elastic behavior of 
weak floor strata only. For an isolated footing (test plate, 
pillar) subjected to time-independent load (q), the settlement 
may be approximately expressed as follows: 
where w(0) represents the immediate settlement (or elastic 
solution) and function f(t) reflects visco-elastic weak floor 
strata b e h a v i ~ r  fsr time t. I n  the program PAME%.2D, the 
standard Burger rheological model, (Figure 4 )  is used to 
represent weak floor strata for which 
where E l  , E2, N 1  , N 2  are elastic and viscous parameters of the 
model. These parameters may be obtained using the following 
approaches: 
1 .  Plate Loading Tests - Time-dependent plate loading tests 
may be conducted to obtain time-dependent deformations of weak 
floor strata at a constant load. The data can be analyzed to 
estimate El , E2, N 1 ,  N 2  parameters using available computer 
models (Hardy and Wang, 1969), or other simpler techniques. 
2. In-mine convergence _ - -  measurements are very suitable for 
determination of E2/N2 based on long-term deformations. If 
convergence points are installed immediately after mining, the 
parameter N1 may also be estimated. The parameter E2 may be 
estimated from plate loading test data. It is important to note 
that parameters N 1 ,  E l ,  and N2 determined from convergence 
measurements represent overall rock mass behavior associated with 
the opening rather than weak floor strata only. These parameters 
are truly representative of  the physical problem and should 
therefore be most relevant. 
4.3 Back Calculations from Analytical Model Studies 
The PANEL.2D model may be used to estimate parameters E l ,  
E2 N1 and N2 by comparing predicted and observed deformations 
underground. This is the most complex method and is not 
recommended except in very unusual circumstances. 
Numerical Example: Assuming that the plate influence extends to 
a depth H = 5 B p 1 9  it can be assumed that f o r  B = 1 ft t h e  
PI  
modulus of elasticity determined from E q .  7 reflects the 
equivalent deformability of weak floor strata down to a depth of 
5 f t c  From Eq. 7, the modulus of elasticity E may be 
calculated as: 
E = - - - - -  600 12(1-0.352) 0.88 0.6 = 40.2E4 psi. 0.083 
A typical time-dependent plate load test is shown in Figure 5. 
The constants a1 = E2/E1, a2 = E l  /N1 and a = E2/N2 may be 3 
obtained from the following system of equations ( E q .  8 for 
various time periods) using data from Figure 5: 
Solving these equations, a l  = 1 1 1  ci2 = 0 . 6 0  and a = 3 . 7 E  - 4 3 
and then t h e  Burger  model constants are:  
1 = 36.21E3 psi, E2 = E = 40.20E3 psi, N 1  = 60.35E3 
p s i h o u r ,  and N2 = 1 . 0 8 6 E 8  psi.hour. These parameters were 
utilized in the numerical example presented in Appendix %I. 
4.4 Modeling of Coal Pillars 
It is assumed that pillars can deform according to one 
dimensional compression. A coal pillar is represented by a set 
of non-linear springs sandwiched between the overburden strata 
and the deformable weak floor strata. The non-linear response of 
the coal pillar with width to height ratio greater than six would 
have a central elastic core of infinite strength, The stress- 
strain relationship for such an elasto-plastic rectangular pillar 
may be expressed as 
where q o  is the actual pillar pressure a f t e r  mining, E i s  t h e  P 
elasticity modulus of coal, and I P $  is a plasticity factor 
depending on ratios = B / 3 H  B 2  - L / 3 H  and  a = q,/'lqv (B P' P 
and L are pillar length and p i l l a r  w i d t h  respectively, H~ i s 
pillar height and q v  is the overburden pressure before mining. 
The q,  pressure is obtained from the solution iterative 
procedure, 
5 PROBLEM SOLUTION 
The problem solution technique is described in more 
detail in Pytel et a1 (1988). The problem yield displacements/ 
settlements and reactive loads acting on all modeled pillars. 
The settlement data is plotted as YXJBSIDENCEV1 profile. This 
profile is differentiated once to provide Y X O P E w  profile and 
twice to yield yrCURVATUREv profile. 
n 
o p l  'I 
o p r  1 
6 ,  I N P U T  DATA 
The i n p u t  d a t a  i n v o l v e s  t h e  f o l l o w i n g  v a r i a b l e s :  
V a r i a b l e  TY p e  
i n t e g e r  
i n t e g e r  
o p l  2 
o p r  2 
i n t e g e r  
i n t e g e r  
i n t e g e r  
i n t e g e r  
i n t e g e r  
D e s c r i p t i o n  
T o t a l  number o f  p o i n t s  t o  b e  a n a l y z e d  
( t o t a l  number  of p i l l a r s  a n d  o p e n i n g s )  
The number  a s s i g n e d  t o  t h e  l e f t m o s t  
o p e n i n g  i n  p a n e l  1 
The number a s s i g n e d  t o  t h e  rightmost 
o p e n i n g  i n  p a n e l  4 
The number a s s i g n e d  t o  t h e  l e f t m o s t  
o p e n i n g  i n  p a n e l  2 
The number  a s s i g n e d  t o  t h e  r i g h t m o s t  
o p e n i n g  i n  p a n e l  2 
The number  a s s i g n e d  t o  t h e  l e f t m o s t  
o p e n i n g  i n  p a n e l  3 
The number a s s i g n e d  t o  t h e  r i g h t m o s t  
o p e n i n g  i n  p a n e l  3 
F o r  t h e  c a s e  o f  o n l y  o n e  p a n e l ,  o p r  2 a n d  o p r  3 a r e  e q u a l  
t o  o n e ,  a n d  i n  t h e  c a s e  w h e r e  t h e r e  a r e  two p a n e l s ,  o p r  3 mus t  b e  















o v e r b u r d e n  p r e s s u r e  b e f o r e  mining 
if e t l  = 1 (only elastic behavior of 
pillars is assumed). 
if etl = 6 (elasto-plastic behavior of 
pillars, 6 iterations). 
sym = 1 if the problem is symmetric 
sym = Q if there is no symmetry 
time [sec, day, year etc.1 
if ttt = O 0 0  viscous b e h a v i o r  ~f weak 
floor strata is not considered. 
(if etl > 1 ,  ttt must be equal to 
zero). 
Psisssn9s ratis for roof weak strata 
Poissonvs ratio for floor weak strata 
pillar length for elastic half-space 
model (aa > 1 0 B )  [in], where B 
is the width of the pillar. 
pillar height [ i n ]  
elastic modulus parameter of the 
Kelvin-Voigt unit for weak floor 
strata behavior, [psi] 
viscous parameter of the Maxwell unit 




viscous parameter of the Kelvin-Vsigt 
unit for weak floor strata, [psi.dayl 
viscous parameter ~f the Maxwell 
unit for weak floor strata, ipsi.dayl 
For each of the "nV points to be analyzed: 
EX (i) real. flexural stiffness of the (i)th span 
(should be calculated using t h e  9 v O V E R v q  
program) [lb.inl 
GF (i) real 
B ( i )  real 
B1 (i) real 
eOu ( i )  real 
eO$ ( i )  real 
delta ( i )  real 
HU (i) real 
Hl ( i )  real 
shear stiffness s f  the (i)th span 
K%b/inl 
width of pillar [in] 
length of pillar [in] 
elasticity modulus for weak roof strata 
Cpsil 
elasticity modulus f o r  weak f b ~ ~ r  
strata [psi] 
vertical displacement of the weak floor 
surface at the i-th point due to some 
external, independent effects such as 
surcharge, [in] 
thickness of the weak roof strata, [in] 
thickness of the weak floor strata, 
Cinl 
Ep (i) real 
ga* seal 
real 
distance between p i l l a r  or opening 
center and the center of previous 
opening or pillar center [in], l(l)=O) 
length sf pillar + width of opening 
[ i n ] ,  (see also Figure 7 )  
elasticity modulus for coal [psi] 
constant (gam = Y from E q .  6) for 
Vlasov mode% 
constant (vl = 1 from E q ,  8 ) f o r  
V%asov model 
7 .  RUNNING THE P R O G R A M  
After compiling and linking, the program is invoked by 
typing: 
x paneP.2de 
The next step is the information on the input data file name and 
to decide which weak floor strata model you wish L Q  determine 
settlements and reactions. The following display will appear on 
the screen: 
Weak Floor Strata Models 
8 1 1  Winkler 
[ 2 ]  Zemochkin and Sinitsyn 
(Elastic Homogeneous Half-Space) 
[31 Vlasov 
[4] Confined Clay layer 
Type i n  a number ( 1  - 4 )  c o r r e s p o n d i n g  t o  t h e  d e s i r e d  c h o i c e ,  The 
p r o g r a m  w i l l  c a l c u l a t e  s e t t l e m e n t s ,  r e a c t i o n s ,  s u r f a c e  s l o p e  and  
c u r v a t u r e  b a s e d  o n  t h e  model  c h o s e n .  W r i t e  t h i s  i n f o r m a t i o n  i n  a 
f i l e ( s )  o f  t h e  u s e r ' s  c h o i c e ,  t h e n  p r o m p t  t h e  u s e r  a g a i n  f o r  a 
s e l e c t i o n .  To q u i t ,  s i m p l y  t y p e  6 .  T h e  t y p i c a l  d i s p l a y  while 
r u n n i n g  t h e  p r o g r a m  i s  shown i n  Append ix  11. 
8. OUTPUT DATA 
T h e  o u t p u t  d a t a  i s  f u r n i s h e d  i n  f i v e  ( 5 )  f i l e s  o f  names 
c h o s e n  b y  t h e  u s e r  ( s e e  e x a m p l e  i n  n e x t  s e c t i o n ) .  The f i r s t  f i l e  
(0UTPUT.DAT) l i s t s  t h e  number o f  t h e  p i l l a r ,  t h e i r  s e t t l e m e n t  a n d  
r e a c t i o n  p r e s s u r e  a f t e r  m i n i n g .  T h i s  d a t a  i s  h e a d e d  b y  m o d e l  
n a m e .  T h e  n e x t  f o u r  f i l e s  d e a l  w i t h  f i n a l  s e t t l e m e n t ,  f i n a l  
' p r e s s u r e ,  s u r f a c e  s l o p e  * l o 4  a n d  c u r v a t u r e  [ l  / i n  * 1 o6 1. T h e s e  
d a t a  f o l l o w  t h e  d i s t a n c e  [ f t  x 10001  f r o m  t h e  l e f t m o s t  e d g e  t o  a 
g i v e n  p i l l a r .  The l a t t e r  f o u r  f i l e s  may b e  u s e d  f o r  p r e s e n t a t i o n  
o f  r e s u l t s  i n  g r a p h i c a l  f o r m  ( G R A P H  2 .  o p t i o n  - by R. M i s s a v a g e ) .  
The u s e r ' s  manua l  f o r  t h i s  o p t i o n  w i l l  b e  a v a i l a b l e  d u r i n g  t h i s  
c o u r s e .  
9, CONCLUDING R E M A R K S  
PANEL.2D c o m p u t e r  model  may be  used to p r e d i c t  in-mine as 
well as surface subsidence movements in partial extraction room- 
and-pillar mining due to deformations of roof strata, coal 
pillars, and immediate floor strata. The model has b e e n  
validated at three mines t o  date and has resulted in relatively 
accurate predictions of in-mine and/or surface s u b s i d e n c e  
movements (Chugh and Pytel, 1988; Pytel and Chugh, 1989; Chugh, 
Pytel, Pula, 1 9 8 9 ) .  It is planned to extend this model for t h r e e  
dimensional analysis over the next two years. The authors would 
l i k e  to ask the u s e r s  to report a n y  m i s t a k e s  a n d / o r  
inconsistencies in the use of the model or the User's manual so 
that these could be improved. 
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ABSTRACT 
d two-dinensional  t ime-dependent  
a n a l y s i s  of a overburden - c o a l  p i l l a r -  
weak f l o o r  s t r a t a  i n t e r a c t i o n  problem I s  
presented as a beam mode% c o n s i s t i n g  of' a 
composite ssof beam resting ow w u l t i p % e  
e l a s t i c  f o u n d a t i o n s  ( p i l l a r s )  u n d e r l a i n  
b y  a  composite cock mass r e p r e s e n t i n g  
immediate f l o o r  s t r a t a .  S e v e r a l  
d i f f e r e n t  m t e r i a l  models may be 
cons ide red  f o r  t h e  immediate f l o o r  
s t r a t a .  The a n a l y s i s  can i n c l u d e  a l l  
openings  and p i l l a r s  i n  a  pane l  and 
p e r n i t s  bed s e p a r a t i o n s  i n  t h e  roof  
composite beam. The model h a s  p e r m i t t e d  
i d e n t i f i c a t i o n  of t h e  r e l a t i v e  
s i g n i f i c a n c e  s f  d i f r e r e n t  geomet r i c  and 
mechanical  behav io r  papameters  which 
govern t h e  system. The pape r  p r e s e n t s  
t h e  t h e o r e t i c a l  background Psr t h e  model 
a s  we l l  a% i ts  a p p l i c a t i o n  t o  a  mine i n  
I l l i n o i s  where s u r f a c e  and underground 
g e o t e c h n i c a l  o b s e r v a t i o n s  have been 
conducted over t h e  l a s t  two y e a r s .  
INTRODUCTION 
S t a b i l i t y  of mine workings a s  we'll a s  
t h e  c h a r a c t e r i s t i c s  of s u r f a c e  s u b s i d e n c e  
movements i n  underground mining of 
s t r a t i f i e d  d e p o s i t s  such a s  c o a l  a r e  
s i g n i f i c a n t l y  i n f l u e n c e d  b y  r o o f - p i l l a r -  
f l o o r  i n t e r a c t i o n .  I t  may manifos t  
i t s e l f  underground a s  p i l l a r  s l o u g h i n g ,  
f l o o r  heave,  roof  f a l l s  and i n  ext reme 
c a s e s  a s  c o a l  mkne bumps, and on t h e  
s u r f a c e  a s  l o c a l i z e d  and /o r  t rough 
subs idence  aovernents. Very l i m i t e d  
r e s e a r c h  has  been done on t h e  r o o f -  
p i l l a r - f l o o r  i n t e r a c t i o n  problems i n  c o a l  
mines. This  r e s e a r c h  was i n i t i a t e d  wi th  
t h e  s p e c i f i c  o b j e c t i v e s  t o  p r e d i c t  1 )  
p i l l a r  s e t t l e a e n t s  and f l o o r  heave 
undsrground due t o  weak f l o o r  s t r a t a ,  and 
2 )  a s s o c i a t e d  s u r f a c e  subs idence  
movements. 
Design o f  c o a l  p i l l a r s  under weak f l o o r  
c o n d i t i o n s  Ln t h e  United S t a t e s  is  
p r e s e n t l y  based ow t h e  u l t i m a t e  b e a r i n g  
c a p a c i t y  (UBC) of' immediate f l o o r  s t r a t a  
w i t h o u t  a c o n s i d e r a t i ~ n  o r  p i l l a r  
s e t t l e m e n t s .  U n f o r t u n a t e l y  founda t ion  
f a i l u r e  of c o a l  p i l l a r s  r a r e l y  o c c u r s .  
P i l l a r  s e t t l e m e n t s  on weak f l o o r  s t r a t a ,  
w i t h  a s s o c i a t e d  f l o o r  heave i n  mine 
openfngs  o r  d i f f e r e n t i a l  p i l l a r  
s e t t l e m e n t s ,  may r e s u l t  i n  changed 
geometry of mine roadways,  r o o f ,  c o a l  
p i l l a r ,  and f l o o r  f a i l u r e s  and s u r f a c e  and 
s u b - s u r f a c e  movements. Excess ive  p i l l a r  
s e t t l e m e n t  o r  s e t t l e m e n t  r a t e s  may 
a i g n l f i c a n t l y  i n c r e a s e  mining c o s t  and 
plead t o  abandonment of mining o p e r a t i o n s .  
T h e r e f o r e  i t  is i m p e r a t i v e  t h a t  
c a p a b i l i t i e s  t o  p r e d i c t  p i l l a r  s e t t l e m e n t s  
wi th  a  c o n s i d e r a t i o n  of r o o f - p i l l a r - f l o o r  
i n t e r a c t i o n  be developed.  These problems 
a r e  of s i g n i f i c a n t  i n t e r e s t  i n  I l l i n o i s  
Coal Basin mines where c o a l  seams a r e  
g e n e r a l l y  a s s o c i a t e d  wi th  weak f l o o r  
s t r a t a  which v a r i e s  1 - 2  m i n  t h i c k n e s s .  
A N A L Y T I C A L  A P P R O A C H  A N D  D E V E L O P M E N T  
OF T H E  MODEL 
The p h y s i c a l  problem c o n s i s t i n g  of 
ove rburden ,  c o a l  p i l l a r ,  and weak f l o o r  
s t r a t a  is shown i n  F igure  l a .  The 
s o l u t i o n  i n v o l v e s  t r ans fo rming  t h e  problem 
i n t o  an  e q u i v a l e n t  i n d e t e r m i n a t e  beam. 
Overburden a s s o c i a t e d  wi th  t h e  c o a l  seam 
is  t r ans fo rmed  i n t o  a composi te  beam w i t h  
s t e p w i s e  v a r y i n g  s t i f f n e s s  ( f l e x u r a l  
r i g i d i t y  E I  and s h e a r  s t i f f n e s s ) .  The 
overburden load  a c t s  on t h e  beam a3 a  
un i fo rmly  a p p l i e d  l o a d ,  and i t  i s  
t r a n s m i t t e d  t o  t h e  weak f l o o r  s t r a t a  
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through segmented .con t inuous  f o o t i n g s  
r e p r e s e n t i n g  pane% p i l l a r s  qf known wid th  
( F i g .  3 b I e  The immediate F loor  s t r a t a  I s  
t r ans fo rmed  i n t o  rock mass wi th  an  
e q u i v a l e n t  c o n s t a n t  d e f o r m a b i l i t y .  The 
overs%% roof  beam is assumed t o  r e s t  on 
t h e  barrier p % % % a r s  which may a l s o  have 
va r i ab l e  s t i f ' F w e s s ~  The p r e s e n t  model may 
i n e l u d e  a%% openings and p i l l a r s  i n  a 
p a n e l .  The p r e s e n t  model , n e g l e c t %  
s h e a r i n g  f o r c e s  a t  t h e  roof  - c o a l - f  l o o r  
i n t e r f a c e s  and l a t e r a l .  s t r e s s e s  i n  t h e  _ 
ground, Ef f o r t s  a r e  c u r r e n t l y  underway t o  
modify t h e  p r e s e n t  m a d e P . t ~  overcome t h e  
above d e f i c i e n c i e s ,  The s m a l l  magnitude 
of expec ted  beam d e f l e c t i o n s  and t h e  s m a l l  
r a t i o  of t h e  pane l  d e p t h  t o  pane l  width  
J u s t  i f  ies beam t h e o r y  a p p l i c a t i o n .  The 
model $ormuPation assumes amall s t r a i n  
theory. 
The a n a l y t i c a l  model f 'orrnu%atfon i s  
p r e s e n t e d  i n  Eq,l. 
In this equation [6] and ( 6  1 a r e  
m a t r i x  and v e c t o r  O F  an equtva le8 t  beam 
d i sp lacement s  due t o  u n i t  Forces  and 
e x t e r n a l  load { P )  r e s p e c t i v e l y ,  and [ a )  is  
a v e c t o r  sf v e r t i c a l .  f o u n d a t i o n  o r  p i l l a r  
d i2placernents  due t o  o t h e r  e f f e c t s  such a s  
su rnharge  load ing  e t c . .  The m a t r i x  (61 
I n c ~ r p o r s t e s  beam geometry ,  Seam 
s t i f f n e s s ,  geometry of' mine work ings ,  and 
s t i f f n e s s  o r  t h e  immediate f l o o r  s t r a t a .  
The problem s o l u t i o n ,  namely t h e  (XI 
v e c t o r  of s u p p o r t  r e a c t i o n s  i s  o b t a i n e d  by 
using t h e  MaxweP%-Betti r e c i p r o c a l  theorem 
(Zewochkiw-SbwitsynPs method modi f i ed  by 
K m %  C l ]  and Elbe%natowski and P y t e l  [ 2 ] )  
which  p e r n i t s  %he d e t e r m i n a t i o n  o f  
v e r t i c a l  s u p p o r t  r e a c t i o n s  i n  p i l l a r s  from 
t h e  sys tem of a l g e b r a i c ,  l i n e a r  e q u a t i o n s  
(Eq.1:. A more d e t a i l e d  ma themat i ca l  
f o r n u l a t i o n  of  t h e  model is  p r e s e n t e d  
e l sewhere  ( P y t e l  [ 3 ] ) .  
The s e t t l e m e n t  of p i l l a r s  {Yj i s  then 
c a l c u l a t e d ,  u s i n g  t h e  p r i n c i p l e  of  
s u p e r p o s i t  i o n ,  a s  f o l l o w s :  
where ma t r ix  [F] r e p r e s e n t s  
d i sg lacement  due t o  u n i t  l oad  based on an 
accep ted  model of weak f l o o r  s t r a t a .  
Linear  Models o f  Weak F loor  S t r a t a  
Behavior 
Wink le r ' s  Model: The d e f l e c t i o n  F 
a t  any p o i n t  ( i )  on t h e  s u r f a c e  (compbient  
of [ F l  m a t r i x ) -  of t h e  s o i l / r o c k  medium) i s  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s t r e s s  
a p p l i e d  a t  t h a t  p o i n t  and is independent  
of s t r e s s  a p p l i e d  a t  any o t h e r  p o i n t  (j). 
The s e t t l e m e n t  F .  . ( s e e  Fig 2 )  due t o  a  
l i n e a r l y  d i s t r i b h i e d  u n i t  f o r c e  can be 
expressad  a %  fob%ows: 
where M is t h e  modulus 0% subgrade 
r e a c t i o n  ob t h e  weak P l o o r  s t r a t a .  and  B 
is  the wid th  0% t h e  loaded  a rea ,  9 
I s o t r o p i c  E l a s t i c  Medium: The 
d e f P e c t i 0 n . F . .  i n  t h i s  c a s e  i s  o b t a i n e d  
through E30ush$nesqf s  s o l u t i o n  f o r  s u r f a c e  
d e f l e c t i o n  o f  an i s o t r o p i c ,  e l a s t i c  
h a l f s p a c e  s u b j e c t e d  t o  a u n i t  Force 
dLs t r ibu tec f  on a r e c t a n g u l a r 7  a r e a ,  
Zemochkin-Sinitsyn 9 4 1 ,  SePvadurai  [ 5 ] .  
FOP a  l i n e a r l y  d i s t r i b u t e d  u n i t  f o r c e :  
were E i s  t h e  t o t a l  de%ormab%Pi%y 
modulus a? t h e  weak f l o o r  s t r a t a ,  v 
t h e  c o r r e s p o n d i n g  P g l s s o n l s  r a t i o ,  aRd 
in%luewce  f u n c t i o n  F = F ( B , E , x  1 
whepe B and L a re  d i h d n s d d  o f  %khg%saded 
a r e a ,  and x is the d i s t a n c e  between t h e  
c e n t k r  of t h d  a p p l i e d  load  (1) and t h e  
s u r f a c e  p o i n t  ( i )  where d i sp lacement  i s  
c o n s i d e r e d .  The t o t a l  d e f o r m a b i l f t y  
modulus E i s  r e l a t e d  t o  t h e  e l a s t i c i t y  
modulus 5' and i s  o b t a i n e d  from t r i a x i a l  
t e s t s :  E " - E ~ / (  1 - u s ) .  
Confined Clay Layer :  The a n a l y s i s  
p rocedure  deve loped  b y  Tay lo r  and Matyas 
C61 1s  based on a %o,%ut l sn  of Ke%vlnss 
e q u a t i o n  f o r  a l i n e  load  a c t i n g  w i t h i n  an 
i n f i n i t e  s o l i d .  For a c o n s t a n t  E t h e  
immediate s u r f a c e  d i  %placement  ea3  be 
expressed  as: 
where H, i s  t h e  t o t a l  weak f l o o r  s t r a t a  
t h i c k n e s s .  ' and a. is an i n f l u e n c e  f u n c t i o n  
f31 .  
Vlasov '3 E l a s t i c  Layer Model: 
Cons ide r ing  a  f i n i t e  l a y e r  t h i c k n e s s  of 
weak f l o o r  s t r a t a  i n  t h e  x-y p l a n e  
( v e r t i c a l  p l a n e ) ,  i t s  d i s p l a c e m e n t s  a t  any 
p o i n t  a r e  g iven  i n  Eq. 6 (Vlasov  [ 7 ] ,  
S e l v a d u r a i  [ T I ) :  
where .w(x ,o )  is  t h e  v e r t i c a l  s u r f a c e  
d i s p l a c e m e n t ,  w(x ,y )  and u ( x ,  y )  a r e  t h e  
v e r t i c a l  and h o r i z o n t a l  d i sp lacement8  a t  
any p o i n t ,  and h ( y )  i s  a  f u n c t i o n  
d e s c r i b i n g  t h e  v a r i a t i o n  of d i sp lacement  
w ( x , y )  i n  t h e  y  d i r e c t i o n .  S u r f a c e  
subs idence  can then  be c a l c u l a t e d  from 
E q . 6  and from more d e t a i l e d  f o r m u l a t i o n s  
inc luded  i n  C3,5,'71. 
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Non-Homogeneity i n  Subs t r a t a  
Proper t ies :  An Approximate Method $st? 
incbuding 'non-homogeneity i s  based on the  
Gorbunov-Posadov [83 a n a l y s i s  which 
assumes t h a t  the  su r f ace  s e t t l emen t  of a  
won-homogeneous e l a s t i c  ka l f space  depends 
strictly ow 9 )  s t r e s s  d i s t r i b u t i o n  
. a c c o ~ d i n g  to Bouasinesqgs s o % u t i s n ,  and 2 )  
equiva len t  de%srmabi%i% y  modu%u% E of 
the  immediate f l o o r  s t r a t a  t ak ing  ?fit0 
account the E ( y )  d i s t r i b u t i o n  below the  
Foundation ceg t e r  a s  we 1 a s  the  v e r t i c a l  
c a l cp l a t ed  a s  f o l % s u s :  
E s t r e s s  d i s t r i b u t i o n  q Eoe may be 
where n. and E a r e  the  mean va lues  of 
r e s pec t i ve lva r i ab?&s  w i th in  the  sub layer  i 
O F  h i  th ickness .  
P i l l a r  Befsrmabili  t y  d 
I t  is assumed that p i l l a r s  can deform 
along the y - a x i s  (vertical), accord ing  to 
one-dimensicma% csmpression. Thus, t h e  
co a l  seam nay be represen ted  by a  s e t  QP 
Etnear spr ings  sandwiched between two 
model elements- f l o o r  s t r a t a  and 
overburden s t r a t a  composite beam. P i l l a r  
deformations must be sub t r ac t ed  i n  
c a l c u l a t i n g  equiva len t  beam displacements .  
The add i t i ona l  p i l l a r  deformation 
component 1% given b y :  
where E is t h e  modulus sf e l a s t i c i t y  
of c o a l ,  afid H is the  p i l l a r  he igh t .  The 
r e l a t i v e  s lgn tP lcance  of p i l l a r  
deformations i nc r ea se s  a s  the  weak f l o o r  
s t r a t a  get  s t i f f e r .  
Roof and Floor Composite 3eam 
Character is : ics  
The overSurden and immediate f l o o r  
s t r a t a  a r e  assumed t o  be h o r i z o n t a l l y  
bedded r e s t i ng  on i n t a c t  coa l  ( b a r r i e r )  
p i l l a r s  and on a  number of p i l l a r s  wi th in  
the  panel being mined. The beam is  
assumed to  Se simply supported i n  t h i s  
aodel  but t h i s  w i l l  be modified i n  f u t u r e .  
I 
According to  J e f f r e y  and Daemen [ 9 ] ,  such 
a system can be modeled a s  a composite 
beam whose behavior depends on the  degree 
of bonding between l a y e r s .  The overburden 
loads provide some degree of shea r  
r e s i s t a n c e  along i n t e r f a c e s .  Furthermore 
s i nce  beam d e f l e c t i o n s  and cu rva tu r e  a r e  
expected t o  be smal l ,  the  d i f f e r e n t  l a y e r s  
may be considered bonded f o r  the  purposes 
of t h i s  aodel.  F lexura l  r i g i d i t y  of such 
a  composite beam may then be c a l c u l a t e d  
a s  : 
where Z i s  t l e  a r ea  of the  overburden 
under cons ide r a t i on ,  E i s  the rnodu%us of 
elasticity and I i s  t he  moment s f  i n e r t i a  
of t he  beam c ro s s - s ec t i on .  
Time-Dependent Model Analysis 
Time-dependent d e f l e c t i o n s  of the model - 
composite beams a r e  assumed t o  be rebated 
t o  cheo l sg i ca l  p r o p e r t i e s  of the weak 
f l o o r  s t r a t a  only.  V i scoe l a s t i c  behavior 
of such s t r a t a  may be descr ibed b y  a  
Bu rge rPs  model, Chugh e t  a1  [ l o ] ,  o r  a 
Zener o r  o t h e r ,  simple l i n e a r  models. 
Based on l abo ra to ry  c reep  s t u d i e s  , Chugh 
e$ a% 9181 found t h a t  the  immediate $ % o o ~  
s t r a t a  behavior  of  one mine may be 
cha rac t e r i z ed  a s  l i n e a r  v i s e o e l a s t i c  f n  
the  range of 4Q-80% of the  f a i l u r e  s t r e s s .  
T h i s  is s i g n i f i c a n t  s i n c e  most p a r t i a l  
e x t r a c t i o n  room-and-p i l l a r  mines shoubd 
have s t r e s s e s  wi th in  t h i s  range %saPaty  
Paetsk between 9 . 2  ts 2.5). 
Wffrey's analogy permits  t rans format ion  
s f  an e l a s t i c  deformation s t a t e  i n t o  a 
e ~ ~ r e s p o n d i n g  l i n e a r l y  v i s c o e l a s t i c  one, 
Using t h i s  analogy, the  time-dependent 
deformabi l i ty  modulus may be de f i ne<  a s :  
where E ( 0 )  r ep r e sen t s  time-independent 
deformabi l? ty  modulus and P( t )  r e f l e c t s  
s t r e s s - s t r a i n - t i m e  behavior of a  
r heo log i ca l  model, Biernatowski and Py t e l  [ % I p  G a t t i  and Jopi  [ l l ] .  For t h e  
Burger 's  model: 
where E l ,  E,, N , N 2  a r e  the e l a s ~ i c  
and viscous p a ~ a m e & e r s  of the Kelvin-Voigt 
and Maxwell u n i t s  r e spec t i ve ly  ( s e e  Zig, 
- \ 
A computer program was developed i n  
Fortran IV language t o  so lve  the  aboqre 
model formulat ion equa t ions .  The prggram 
was checked f o r  i t s  v a l i d i t y  and accuracy 
f o r  a n a l y s i s  of simple beam problems f o r  
which s o l u t i o n s  a r e  a v a i l a b l e .  
A P P L I C A T I O N  OF THE MODEL T O  A C A S E  STUDY 
M I N E  I N  I L L I N O I S  
Mine Descr ipt ion and Area Geology 
The r e s u l t s  of Chugh's C12, 1 3 1  recent  
f i e l d  s t u d i e s  a t  an I l l i n o i s  mine were 
used f o r  model v e r i f i c a t i o n .  Overburden 
th ickness  a t  the  mine averages 80 m u i t h  a  
t y p i c a l  c ro s s - s ec t i on  cons i s t i ng  of S5  m 
of g l a c i a l  depos i t s  ( c l ayey  s o i l s ) ,  30 m 
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~ h a $ e ,  5 m l i m e s t o n e  a n d  1 - 2  w s h a l e  w h i e h  
Forms t h e  i m m e d i a t e  r o o f .  The r e l a t i v e b y  
$Eat c o a l  seam is 1 . 5 - 2 . 0  m t h i c k ,  mine  
o p e n i n g s  a r e  6 . 8  rn w i d e  a n d  p i l l a r s  15 rn 
( s o l i d )  w i d e  i n  a  p a n e l  which  is 
a p p r o x i m a t e l y  1300  m X 300 m .  The 
i m m e d % a t e  $Poor  s t r a t a  c o n s i s t  0% 2 m Q% 
w a t e r  s e n s i t i v e  c l a y s t s n e  which is  
uwdec%aiw by more c o m p e t e n t  b e d s  s u c h  a s  
m u d s t o n e  and  s h a l e ,  
S u b s i d e n c e  M o n i t o r i n g  
S u r f a c e  s u b s i d e n c e  h a s  b e e n  m o n i t o r e d  
a t  t h i s  mine  o v e r  a r o o m - a n d - p i l l a r  m i n i n g  
p a n e l  f o r  t h e  p a s t  two y e a r s ;  Chugh e t  a 1  
[ I % ] ,  Two main s u b s i d e n c e  m o n i t o r i n g  E f n e s  
( F i g  4 )  g e r e  l o c a h e d  o v e r  t h e  p a n e l  a t  
a b o u t  45 and  -45 a n g l e s  w i t h  r e s p e c t  t o  
t h e  %owgi t iud inab  a x i s  o f  t h e  p a n e l .  WlP 
s u r v e y s  w e r e  e o n d u s t e d  t o  mee t  o r  e x c e e d  
a c c u r a c y  % t a n d a r d s  f o r  S e c o n d  o r d e r  C l a s s  
I% s u r v e y s .  
Measurement  eP P i l l a r  S e t t l e m e n t  
Underground  
The p a n e l  o v e r  w h i c h  s u r f a c e  s u b s i d e n c e  
wa3 measused  was also i n s t r u m e n t e d  
u n d e r g r o u n d  f o e  m o n $ t s s i w g  c o n v e r g e n c e ,  
s a g ,  d i f f e r e n t i a l  movements ,  a n d  p i l l a s  
s e t t l e m e n t s ;  Chugk e t  a l .  C131. P i l l a r  
s e t t l e m e n t  was c a l c u l a t e d  by m e a s u r i n g  
m o v e a e n t s  o f  t h e  i m m e d i a t e  r o o f  s t r a t a  
w i t h  r e s p e c t  t o  a n  assumed f  i x e d  p o i n t  
a b o u t  5 . 0  m be low t h e  c o a l  seam. A 
m u l t i p l e  p o i n t  b o r e h o b e  e x t e n s o m e t e r  
( M P B X )  was a h s o  i n s t a l l e d  Ln t h e  s o o f  
vertically a b o v e  t h e  s e t u p  i n  t h e  f l o o r .  
The d i s t a n c e  b e t w e e n  t h e  MPBX a n c h o r  i n  
t h e  i m m e d i a t e  r o o %  and t h e  t o p  s f  t h e  
f l o o r  was m e a s u r e d  w i t h  a t a p e  
e x t e n s o m e t e r  h a v i n g  a n  a c c u r a c y  o f  a b o u t  
0.3 ram. The p o s i t i o n s  OF monitot-ed 
p i l l a r  ( p o i n t  S) u n d e r g r o u n d ,  mine 
w o r k i n g s  and  l i n e s  a l o n g  w h i c h  s u r f a c e  
s e t t l e m e n t s  w e r e  m e a s u r e d ,  a r e  shown i n  
F i g  4 .  
D e f o r m a t i o n  P r o p e r t i e s  o f  I m m e d i a t e  Roof 
a n d  F l o o r  S t r a t a  a n d  C o a l  Seam 
D e f o r m a t i o n  p r o p e r t i e s  o f  o v e r b u r d e n  
m a t e r i a l  were  o b t a i n e d  f rom a n  e a r l i e r  
s t u d y .  S i m i l a r  p r o p e r t i e s  f o r  c o a l  seam 
and  f l o o r  s t r a t a  w e r e  d e t e r m i n e d  by Chugh 
e t  a 1  [ I  41. The d e f o r m a t i o n  p r o p e r t i e s  o f  
i m m e d i a t e  PEoor s t r a t a  w e r e  d e t e r m i n e d  i n  
t h e  f i e l d  u s i n g  t h e  ISRM recommended 
s u r f i c i a l  P l a t e  Load T e s t  p r o c e d u r e s .  I n  
t h i s  t e c h n i q u e ,  d e t e r m i n e d  l o a d -  
d e f o r m a t i o n  r e l a t i o n s h i p s  r e f l e c t  t h e  
d e f o r m a t i o n  p r o p e r t i e s  o f  t h e  u p p e r  l a y e r s  
t o  a  d e p t h  o f  a b o u t  two times t h e  s i z e  o f  
t h e  p l a t e .  The r o c k  c o r e s  t a k e n  f rom 
d e p t h s  u p t o  a b o u t  6m be low t h e  c o a l  seam 
were  a l s ~  s t u d i e d  i n  t h e  l a b o r a t o r y  f o r  
t i m e - d e p e n d e n t  a n d  t i m e - i n d e p e n d e n t  
s t r e s s - s t r a i n  b e h a v i o r  a n d  i n d e x  
p r o p e r t i e s ,  Chugh e t  a% C I Q I ,  
Model A p p l i c a t i o ~  
O v e r b u r d e n  b i t h s l s g y  w i t h  e g u l v a % e w t  
r o s s - s e c t i o n  r e p r e s e n t i n g  d e P s r r n a b % % i t y  
f e a c h  s t r a t u m  is presen ted  i n  F%$ 5. 
F l e x u r a l  r i g i d i t y  of n o n - e o m p o a i t e d ,  
e.qu$oa%ew% beam r e p r e s e n t i n g  o v e r b u r d e n  
s t r a t a  was c a l c u l a t e d  a c c o r d i n g  t o  E q ,  9 
a s  f o l l o w s :  
w h e r e  h  E a r e  t h e  t h i c k n e s s  a n d  
e l a s t i c f t y  h o d u l u s  f o r  t h e  i - t h  L a y e r ,  d 
IS t h e  d i s t a n c e  Prom t h e  c e n t e r  of t h e  iL 
t h  l a y e r  t o  i ts  c e n t r o i d .  F i n a l l y :  
EI-6.99E6C1 0 ( 5 . 0 * 1 3 . 5 9 2 + 5 . 0 3 / 1 2 ) + ~ 0 5 ~ 3 ~ 0 8  
"3 .91  + 3 0 . 0 ~ / 1 2 ) -  
where  GZ i s  t h e  s h e a r  r i g i d i t y  o f  t h e  
beam. 
S i m i l a r  d a t a  f o r  i m m e d i a t e  f l o o r  s t r a t a  
a r e  shown i n  F i g  6 .  The c a l c u l a t e d  
r e a c t i o n s  a n d  d i s p l a c e m e n t  p r o f i l e s  For 
a l l  i m m e d i a t e  weak f l o o r  s t r a t a  mode%s are  
p r e s e n t e d  in Fig. 7 a - b .  The v a l u e  s f  Ea a 
Eoe - 7.06E6 kPa 
S e n s i t i v i t y  A n a l y s i s  
S e n s i t i v i t y  a n a l y s e s  w e r e  c o n d u c t e d  on 
s e v e r a l  v a r i a b l e s  g i v e n  Se low t o  d e t e r m i n e  
t h e i r  r e l a t i v e  i m p o r t a n c e  ( n o t a t i o n s  a r e  
e x p l a i n e d  i n  F i g .  8 ) :  
a n d  a?- E / E  H 
0 P "  
Based on o b s e r v e d  d a t a  f rom t h e  m i n e ,  
t h e  f o l l o w i n g  a v e r a g e  v a l u e s  o f  = i v e r e  
c a l c u l a t e d .  
a n d  = 6 - 6 ,  Ranges  o f  a. v a r i a b i l i t y  
w e r e  ?hen  e s t a b l i s h e d  a s  k o l l o w s .  
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A d d i t i o n a l  v a r i a b l e s  below were 5. The r e l a t i v e  v a r i a t i o n  of s e t t l e m e n t s  
in t roduced  t o  accoun t  f o r  non-un i fo ra  i s  10-100 t imes  g r e a t e r  than co r respond ing  
p i l l a r  s e t t l e m e n t s  w i t h i n  a pane l .  r e l a t i v e  changes i n  r e a c t i o n s .  
6 .  An i n c r e a s e  i n  i n c r e a s e s  
s e t t l e m e n t s  l i n e a r l y  Aue t o  an i n c r e a s e  i n  
s t r e s s  on t h e  p i l l a r  because  o f  changed 
mining geometry.  
4
F i n a l  Model V e r i f i c a t i o n  . .  
where N is t h e  number of p i l l a r s  i n  t h e  
pane b .  S e n s i t i v i t y  a n a l y s e s  i n d i c a t e d  t h a t  d i s t r i b u t i o n  of  s u p p o r t  r e a c t i o n s  a long  
S e n s i t i v i t y  a n a l y s e s  ( s e e  a l s o  F ig .  9a -  
s )  were conducted a s  f o l l o w s  : 
a )  One = .  v a r i a b l e  was chosen t o  be 
independent  and t h e  remaining v a r i a b l e s  a k  
were assumed t o  be e q u a l  t o  t h e i r  
co r respond ing  ave rage  v a l u e s ,  
b )  Y /El and X /BE were c o n s i d e r e d  a s  t h e  
o u t p i t  d a t a  wkereOk' is  t h e  p i l l a r  
s e t t l e m e n t .  and X ,  is t h e  c o r r e s p o n d i n g  
r e a c t i v e  f o r c e  a t ' p o i n t  i ,  
c )  v a l u e s  of Y and X were c a l c u l a t e d  f o r  
each of tfie uehk ~ l o o b  s t r a t a  models- f o r  
a t  l e a a t  f i v e  (5) v a l u e s  of = a n d  
d )  t h e  c a l c u l a t i o n s  were r e p e a t e h  f o r  a11 
v a c i a b l e s .  
The r e s u l t s  of s e n s i t i v i t y  a n a l y s e s  a r e  
summarized below. 4 1 .  Parameter a ,  - E I / E  B has  t h e  
s t r o n g e s t  i n f l u e n c e  on t h e  sys tem.  This  
parameter  r e ? r e s e n t s  a b i l i t y  of t h e  system 
t o  t r a n s f s r  a d d i t i o n a l  l o a d  on t h e  b a r r i e r  
p i l l a r s  and i t  is c l o s e l y  r e l a t e d  t o  t h e  
r e l a t i v e  s t i f f n e s s  o f  t h e  system. Large 
overburden s t i f f n e s s  o r  l a r g e  weak f l o o r  
s t r a t a  d e f o r m a b i l i t y  l e a d  t o  e x c e s s i v e  
b a r r i e r  load t r a n s f e r  w h i c h  may r e s u l t  i n  
a  s i g n i f i c a n t  i n c r e a s e  i n  non-uniformity  
o f  r e a c t i o n s  a s  w e l l  a s  l a t e r a l  and 
v e r t i c a l  movements. 
2 .  The a4 7aramete r  is c l o s e l y  r e l a t e d  t o  
t h e  beam l e n g t h  ( p a n e l  width  and number 
of p i l l a r s )  over  weaker f o u n d a t i o n .  Th i s  
parameter  s t r o n g l y  a f f e c t s  the  beam 
s t i f f n e s s  which is  i n v e r s e l y  r ~ l a t e d  t o  
t h e  width of t h e  p a n e l .  For t h e  range of 
v a r i a b i l i  t g  assumed, t h e  weak l a y e r  
t h i c k n e s s  Bf is not  very i m p o r t a n t .  
3 .  Parameter a = E B / H  Eo can  be 
n e g l e c t e d  i n  th2  a n a P y s i 8 ,  s i n c e  i t s  
e f f e c t s  a r e  secondary .  Th i s  i s  because  
weak f l o o r  s t r a t a  a r e  much more deformable  
than c o a l .  
4 The c o n s t a n t  va lue  of  t h e  c o e f f i c i e n t  
of v a r i a t i o n  u = R /R and approx ima te ly  
c o n s t a n t  v, fop  any2= ' v a l u e ,  i n d i c a t e  
t h a t  t h e  fdrm of load  And s e t t l e m e n t  
d i s t r i b u t i o n  remains t h e  same, and a r e  
a lmost  independent  of p i  . 
t h e  p a n e l  was r e l a t i v e l y  fndependent of 
weak %boor  de fo rmat ion  p r o p e r t i e s  w i t h i n  a  
r e s o n a b l e  range of E v a r i a t i o n s  ( s e e  F i g  
1 0 a ) .  It  can t h e r e f 8 r e  be assumed t h a t  
t h e  s l o p e  ( F i g  1 0 c )  i s  a symmetr ica l  
i n f l u e n c e  f u n c t i o n ,  which f o r  t h e  a x i s  
p a r a l l e l  t o  t h e  d i r e c t i o n  of mining,  may 
be approximated by t h e  f o l l o w i n g  
e x p r e s s i o n .  
where c o n s t a n t s  A and C can be d e r i v e d  
from s l o p e  of  t h e  s e t t l e m e n t  cu rve  and 
from t h e  l i m i t i n g  c o n d i t i o n :  
where Y is t h e  t o t a l  e l a s t i c  
s e t t l e m e n t s i n  t h e  c e n t e r  of t h e  pane l  ( F i g  
11  a ) ,  and x i s  t h e  d i s t a n c e  between t h e  
p r e s e n t  p o s i t i o n  of mine workings 
( c o o r d i n a t e  x )  and the  g iven  p o i n t  ( x  1. 
Assuming t h e  weak f l o o r  s t r a t a  t o  be 8 
v i s c o - e l a s t i c  medium w i t h o u t  memory, t h e  
t o t a l  p i l l a r  s e t t l e m e n t  a f t e r  t ime T  may 
be expressed  by t h e  f o l l o w i n g  i n t e g r a l :  
where v  i s  t h e  c o n s t a n t  ave rage  r a t e  of 
mine advance and x is . the  d i s t a n c e  betxeen 
a g iven  p o i n t  and t h e  b a r r i e r  p i l l a r  
( f i r s t  n i n e  open ing)  f a r  enough away t o  
c o n s i d e r  t h e  t rough  a s  s t a t i o n a r y .  The 
f u n c t i o n  f ( T - t )  has  a  fo rm,of  E q  1 1 .  
Cons tan t s  f o r  t h e  model were e v a l u a t e d  
from observed p i l l a r  s e t t l e m e n t  a s  a  
f u n c t i o n  of' t ime  and from subs idence  
s u r v e y i n g  r e s u l t s .  Using t h e  l i m i t i n g  
c o n d i t i o n s  : 
aye 1 a YO 1 1 .  T T ' t l  Y o ( t , )  and - a T  T a t *  - Y o ( t 2 )  
where t , ,  t 2  a r e  a r b i t r a r i l y  chosen 
4 b 
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v a l u e s  of t i m e  a n d  Y ( t l )  a n d  Y ( t 2 )  a r e  
c o r r e s p o n d i n g  v a l u e s o o f  s l o p e  o B t a i n e a  
f r o m  o b s e r v e d  s e t t l e m e n t s .  
2 .  Y (x , T I %  S ( "2 1 f s  t h e  t o t a l  
v a l u e  o f s t h e  o b s e r v e d  % u p f a c e  s u b s i d e n c e  
( a t  the p o i n t  I m m e d i a t e  a b o v e  t h e  o b s e r v e d  
. p i l l a r )  Ln t h e  f i e l d  a f t e r  t i m e  TI. 
3.  E Z = E o r e p r e s e n t s  t h e  e l a s t i c  s o l u t i o n .  
The f o l l o w i n g  r e l a t i o n s h i p s  a n d  mode l  
p a r a m e t e r s  were  o b t a i n e d  ( f o r  v = l m / d a y  a n d  
X s  900m).  -- 
N2=2/651E9 kPa d a y .  
C a % c u l a t e d  p 8 % % a ~  s e t t l e m e n t  a n d  t i m e -  
d e p e n d e n t  s u r f a c e  % u & s l d e n c e  a r e  compared  
w i t h  o b s e r v e d  values I n  Fig I t a - b .  The 
mode% p r e d i c t e d  p a r a m e t e r s  were compared  
w i t h  t h o s e  c a l c u l a t e d  by  Chugh [ S O ]  from 
f l o o r  h e a v e  o b s e r v a t i o n s  i n  t h e  f i e l d .  
A f t e r  a  l o n g  p e r i o d  o f  t i m e  t h e  s e t t l e m e n t .  
s l o p e  a h o u l d  be  i n d e p e n d e n t  o f  t h e  K e l v i n -  
V o i g t ' s  u n i t  ( s h o r t - t e r m  i n f l u e n c e )  and  
r a t e  o f  a d v a n c e  ( v )  f o r  mine  v o r k f n e s .  
For  s u c h  a  c a s e ,  d Y ( x , T ) / d T  - Y 5 ( x )  Z 2 / > J 2  
- 4 .266-5  m/day.  
I w i t i a b  ( e l a s t i c )  magnLtude o f  f l o o r  
h e a v e  H nay  be assumed p r o p s s t i s n a l  t o  
p i l l a r  % l a s t i s  s e t t l e m e n t :  H ( x )  - Y ( x ) B  
w h e r e  B Is t h e  r a t L o  s f  f % o o r s h e a v e  t8 
p i l l a r  % e % t l e r n e n t  a f t e r  t i m e  T a n d  L t  n a y  
b e  calculated a s :  
* * *  
where  D E /N ( p a r a m e t e r s  f rom 6 1 0 1 )  
a n d  3-E /N ( p a ? a m g t e r s  o b t a i n e d , f r o m  
a n a l y s i $  a g a v e ) .  The v a l u e  o f  D must  b e  
e q u a l  t o  D i f  t h e  n u m e r i c a l  model. 
p r e s e n t e d  h e r e  as v a l i d .  
, C o n s i d e r i n g  w e s t  s i d e  o f  t h e  m i n e ,  
E2= ( 4 . 2 5  t o  1 . 2 4 ) E 5  kPa 
N; = (Y.49 t o  2 .4O)E12  kPa s e c .  
D = ( 1 0 . 5 4  t o  1 . 6 4 ) E  -3 p e r  d a y  
D - (  2 , 6 6 ) E - 3  p e r  d a y .  
Thus t h e r e  is a  g e n e r a l  a g r e e m e n t  
b e t w e e n  t h e  model  p r e d i c t e d  a n d  f i e l d  
o b s e r v e d  v a l u e s .  
The c o n s t a n t  was a l s o  d e t e r m i n e d  from 
f i e l d  f l o o r  h e a v e  rz i t e  o b s e r v a t i o n s ,  Chugh 
e t  a 1  C131. A p p r o x i m a t e  a v e r a g e  s l o p e  was 
c a l c u l a t e d  a s  d H ( T ) / d T  a 2.54E-2 m/day ,  
$ i e P d - o b s e r v e d  f l o o r  h e a v e  is 
a p p r o x i m a t e l y  e q u a l  t o  M(480) = 2 .54E-2*  
4QO= 0 , 9 0 1 6  m o  'Fne v a l u e  o f  8 i s  g i v e n  
by: H ( 4 Q Q ) / Y  ( 1 + 4 Q O D ) =  3.08 which  is a g a i n  
i n  a g r e e m e n t S u i t h  f i e l d  o b s e r v a t i o n s  ( 8 -  
j . 2 2 1 ,  Chugh e t  a% 9 4 3 1 0  
It. shouPd  be p o i n t e d  o u t  t h a t  t h e  mode% 
c a l c u l a t e d  p a r a m e t e r s  E l  , E2, N1 , N2 may n o t  
h a v e  t h e  same v a l u e s  a s ,  e s t i m a t e d  f rom 
f l o o r  h e a v e  d a t a  o b s e r v e d  i n  t h e  f i e l d ,  
T h i s  i% b e c a u s e  mode l  v a l u e s  r e p r e s e n t  t h e  
c o m p o s i t e  f o r  a l l  % a y e s %  o f  t h e  i m m e d i a t e  
f l o o r  s t r a t a  c o n s i d e r e d  i n  t h e  mode l .  
C O N C L U D I N G  R E M A R K S  
R e s u l t s  p r e s e n t e d  a b o v e  h a v e  c o n f i r m e d  
t h e  u s e f u l n e s s  a n d  r e l a t i v e  a c c u r a c y  sf 
t h e  mode l .  The c r i t i c a l  p o i n t  o f  a n a l y s i s  
is t h e  i n p u t  d a t a  f i l e ,  which  i n c l u d e %  
d a t a  c o n c e r n e d  w i t h  e i t h e r  t i m e -  
i n d e p e n d e n t  e o n d i t f o w s  ( o p e n i n g  and  p i l l a r  
geom'e t ry ,  l f  t h s l o g y ,  g e o l o g i c  c o n d L t i o w s  
e t e , )  8 %  external i n f l u e n c e s  which  c h a n g e  
with time ~ m f w i n g  g e o m e t r y ,  rnSning r a t e ,  
d e f o r m a b i l i t y  ~f weak s t r a t a  e t c . 1 ,  
This a p p r o x i m a t e  t w o - d i m e n s i o n a l  
s o l u t i o n  o f  t h e  o v e r b u r d e n - p i l l a r - f l o o r  
i n t e r a c t i o n  p r o b l e m  h a s  made i t  p o s s i b l e  
t o  a s s e s s  r e l a t i v e  i m p o r t a n c e  o f  d i f f e r e n t  
p a r a m e t e r s  g a v e r n L n g  t h e  s y s t e m .  
The m ~ d e l  h a %  t y p i c a l  a d v a n t a g e s  a n d  
l i m i t a t i o n s  o f  any  a p p r o x i m a t e  a p p r o a c h .  
SLnce it i s  a  r e l a c $ v e % y  f a s t  
c o m p u t a t i o n a l  t e c h n i q u e ,  i t  r e q u i r e 3  
r e g u l a r  p a n e l  g e o m e t r y  a n d  m i n i n g  
s e q u e n c e .  Three d i m e n s i o n a l  p r o b l e m s  s u c h  
a% an  i w t e s s e e t % o n  may a l s o  b e  s o l v e d .  
F o r  s u c h  a p r o b l e m ,  a beam may b e  r e p l a c e d  
by a n  e l a s t i c  p l a t e  r e s t i n g  o n  b l o c k s  
r e p r e s e n t i n g  c o a l  p i l l a r s .  T e c h n i q u e s  o f  
s o l u t i o n  r e m a i n  t h e  same,  b u t  muck more 
c o m p u t e r  memory is  r e q u i r e d .  
Even t h o u g h  t h e  r e s u l t s  o f  t h e  
n u m e r i c a l  mode l  a r e  e n c o u r a g i n g ,  t h e s e  
r e s u l t s  s h o u l d  b e  t r e a t e d  a s  p r e l i m i n a r y  
s i n c e  t h e y  a r e  b a s e d  o n  o n l y  one  c a s e  
s t u d y .  A d d i t i o n a l  s i m i l a r  s t u d i e s  must  b e  
c o n d u c t e d  t o  d e v e l o p  c o n f i d e n c e  i n  t h e  
model  and  calculation p r o c e d u r e s .  
A C K N O W L E D ' G E M E N T S  
This r e s e a r c h  h a s  b e e n  p r t r n a r i % y  
s u p p o r t e d  by t h e  D e p a r t m e n t  o f  the 
I n t e r i o r s s  M i n e r a l  I n s t i t u t e ' s  p r o g r a m  
a d m i n i s t e r e d  by t h e  B u r e a u  o f  Mines u n d e r  
a l l o t m e n t  g r a n t  No. GI 1251  51 . A d d i t i o n a l  
s u p p o r t  was p r o v i d e d  by t h e  c o a l  company.  
F i n a n c i a l  s u p p o r t  f rom t h e  a b o v e  two 
g r o u p s  i s  h i g h l y  a p p r e c i a t e d .  
A f t e r  400 d a y s  ( v = - ) #  t h e  v a l u e  o f  t h e  
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h Analysis of Roof-Pillar-Weak Floor  I n t e r a c t i o n  i n  Partial 
Ex t rac t ion  Room-ad-Pillar Mining 
Department of Mining ~ n g i ' n e e r i n g  ,
Southern %%Pinsis Univers i ty ,  
Carbondale, USA 
BSTWACT: The a p p l i c a b i l i t y  of t h e  beam theory  in a n a l y s i s  of  roof-  
pillar-weak floor interaction in  p w t i a P  e x t r a c t i o n  room-and-pillar 
mining is presented-  The mine s t r u c t u r e  is modeled as an equ iva len t  
mult i - indeterminate overburden e l a s t i c  beam supported by e l a s t o -  
p%astic p i l l a r s  r e s t i n g  on a v i s c o e l a % t i c  l a y e r  0% immediate weak 
f loor  strata under l a in  by a competent rock mass. The developed 
analytical model was i n i t i a l l y  utfli~ed t o  conduct s e n s i t i v i t y  
analyses of d i f f e r e n t  variables a%%ectfng t he  mining system, such as 
t h e  deformabi l i ty  sf coal and weak f l o o r  strata, th i ckness  0% weak 
f l oo r  s t r a t a ,  number of  p i l l a r s  i n  a panel ,  width of p i l l a r s ,  width of 
panel e t c .  These ana lyses  were then extended t o  t h r e e  overburden 
s t r a t a  - c o a l  p i l l a r  - f l o o r  s t r a t a  l i t h o l o g i e s  t y p i c a l  of  a c t i v e  c o a l  
mining a r e a s  i n  I l l i n o i s .  
The r a t i o n a l  design of' m y  wining system requires knawledge of  the  , 
actual load and dispPaCement c h a r a c t e r i s t i c s  i n  a panel as well i n  its 
ad jo in ing  a reas .  This impl ies  a fundamental cndesstawding 0% roof-  
c o a l  seam-floor s t r a t a  i n t e r a c t i o ~ . ,  and load t r a n s f e r  w i th in  t h e  
d i f f e r e n t  p a r t s  of t h e  mine due t o  t h e  mining sequence and r e s u l t a n t  
su r face  and subsurface  movemen%% assoc ia t ed  with mining. To s tudy  
these  i n t e r a c t i o n s ,  t h e  au thor s  de. d o p e d  an approximate two- 
dimensional time-dependent a n a l y s i s  technique based on t h e  theory  0% 
beams on i n e l a s t i c  foundat ions ( P y t e l ,  e t  a l e ,  1988) a The model was 
developed with t h e  s p e c i f i c  o b j e c t i v e s  t o  p r e d i c t :  1 )  p i l l a r  
s e t t l emen t s  and a s s o c i a t e d  su r face  subsidence movements a s  a func t ion  
of time due t o  mining of one o r  more pane l s ,  and 2)  t r a n s f e r  of load  
as a funct ion  of time t o  ad jo in ing  p i l l a r s  o r  ad jo in ing  a r e a s  due t o  
p i l l a r  s e t t l emen t  of weak flws strata o r  y i e l d i n g  of  p i l l a r s .  The 
model can cons ider  d i f f e r e n t  size p i l l a r s  i n  a panel ,  d i f f e r e n t  r a t e s  
of  advance and time l a g  i n  mining i n  d i f f e r e n t  ~ s r t s  of a pane l9  and 
up t o  50  p i l l a r s  a c r o s s  a panel.  Based on model v a l i d a t i o n  r e s u l t s  
t o  d a t e ,  t h e  au thor s  th ink  t h e  model has  s i g n i l k a n t  p o t e n t i a l  i n  
analyzing t h e  r e l a t i v e  magnitude of roo f -p i l l a r - f loo r  i n t e r a c t i o n  
e f f e c t s  i n  d i f f e r e n t  geologic  settings. 
2 .  MODEL DESCRIPTION 
Figure 1 d e p i c t s  t h e  phys ica l  problem involving overburden s t ra ta ,  
c o a l  p i l l a r s ,  and f l o o r  s t r a t a  and its i d e a l i z a t i o n  a s  a s t r u c t u r a l  
mechanics problem. The two dimensional plane s t r a i n  model described 
here is based on t h e  theory  of beams on i n e l a s t i c  foundat ions.  A 
summary of t h e  t h e o r e t i c a l  background f o r  t h e  model was presented  i n  
an  e a r l i e r  paper ( P y t e l  ek a l . ,  1988). A more d e t a i l e d  t h e o r e t i c a l  
d i scuss ion  of t h e  model is c u r r e n t l y  under p repa ra t ion  by t h e  au thors .  
I n  t h e  s o l u t i o n  approach, t h e  mine s t r u c t u r e  is modeled as a n  
equiva lent  mult i - indeterminate overburden e l a s t i c  beam supported by 
elasto-plastic p i l l a r s  r e s t i n g  on a v i s c o e l a s t i c  l a y e r  of  immediate 
weak f l o o r  s t r - t a  under la in  by a competent rocx mass. S t r a t i f i e d  
overburden a s soc ia t ed  with a coa l  seam is transformed i n t o  a composite 
beam with s tepwise  vary ing  f l e x u r a l  and shea r  s t i f f n e s s .  Overburden 
s t r a t a  behavior depends on t h e  degree of bonding between l a y e r s ,  a n t  
two extreme cases  a r e  considered:  1 )  t h e  d i f f e r e n t  l a y e r s  a r e  f u l l y  
bonded and the  overburden a c t s  a s  a s i n g l e  t h i c k  beam, and 2 )  t h e  
overburden s t r a t a  i n t e r f a c e s  a r e  smooth and a c t  as a number of  sub- 
beams, 
The overburden load is t r ansmi t t ed  t o  t h e  weak f l o o r  s t r a t a  through 
segmented r ec t angu la r  foundat ions r ep resen t ing  c o a l  p i l l a r s .  Contact 
s t r e s s e s  a t  the s o i l h o c k  beam i n t e r f a c e ,  which c o n s t i t u t e  t h e  
unknowns i n  the problem, are approximated by r ec t angu la r  a r e a s  of 
uniform stress. This is transformed i n t o  an equ iva len t  concent ra ted  
rorce a c t i n g  a t  t h e  c e n t e r  of t h e  p l an  a r e a  of  each element.  A c o a l  
p i l l a r  is represented by a s e t  of nonl inear  s p r i n g s  sandwiched between 
t h e  upper overburden s t r a t a  beam and t h e  lower deformable weak s t r a t a .  
The non-l inear-response of t h e  c o a l  p i l l a r  is based on s t u d i e s  by 
Wilson and Ashwin (1972) and Hardy, Chr i s t i ansen  and Crouch (1977) .  
These models imply t h a t  c o a l  p i l l a r s  with width t o  he igh t  r a t i o s  
g r e a t e r  than s i x  would have a c e n t r a l  e l a s t i c  co re  of i n f i n i t e  
s t r eng th .  The r e s i d u a l  s t r e n g t h  behavior  of t h e  coal p i l l a r  may be 
cha rac te r i zed  as e l a s t i c - p e r f e c t l y  p l a s t i c  o r  e l a s t i c - p l a s t i c  with 
s t r a i n  softening, ,  
The s t r e s s - se t t l emen t  behavior  of  t h e  weak f l o o r  strata is modeled 
through l i n e a r  Winkler9s  model which has  been found more appropr i a t e  
i n  foundation engineering where beams o r  p l a t e s  a r e  r e s t i n g  on 
r e l a t i v e l y  t h i n  deformable s r r a t a .  Time-dependent behavior  of t h e  
weak f l o o r  s t r a t a  is idea l i zed  a s  a Burger 's  model i n  t h e  a n a l y s i s  
based on previous s t u d i e s  (Cnugh e t  a l ,  1987). 
The problem s o l u t i o n  which c o n s i s t s  of t h e  v e c t o r  o f  r e a c t i v e  
uniformly d i s t r i b u t e d  p res su re  underneath p i l l a r s  is obta ined  us ing  
t h e  Maxwell-Betti r e c i p r o c a l  theorem from a system of a l g e b r a i c  l i n e a r  
equat ions  with two g loba l  s t a t i c  equi l ibr ium cond i t ions .  The 
h o r i z o n t a l  p re s su re  is neglec ted  i n  t h e  development of t h i s  i n i t i a l  
model. The model is based on t h e  smll s t r a i n  theory which r e q u i r e s  
t h a t :  1 )  t h e  overburden strata th i ckness  should be small as compared 
t o  t h e  width of panels  inc luding  b a r r i e r  p i l l a r s ,  and 2) t h e  r a t i o  of 
expected surface subsidence t o  overburden th i ckness  should a l s o  be 
small. The model output  d a t a  inc lude  t h e  average s t r e s s  i n  a l l  
p i l l a r s ,  load t r a n s f e r  t o  ad jacen t  and b a r r i e r  p i l l a r s  as a func t ion  
of t ime,  p i l l a r  s e t t l emen t s  and su r face  subsidence. 
Applicat ion of t h e  model a t  a mine i n  c e n t r a l  I l l i n o i s  i nd ica t ed  a 
s i g n i f i c a n t  c o r r e l a t i o n  between t h e  model p red ic t ed  and t h e  f i e l d  
observed va lues  of p i l l a r  s e t t l emen t  and su r face  subs idencerFigure  2. 
The a p p l i c a b i l i t y  sf t h e  model was a l s o  evaluated a t  a mine i n  
southern I%Piwois where p i l l a r  s p l i t t i n g  was being considered, The 
o b j e c t i v e  of t h e  eva lua t ion  wzas to p r e d i c t  expected surface 
subsidence movements over  a panel  due t o  p i l l a r  s p l i t t i n g ,  No su r face  
subsidence monitoring was pesfsmed, and t h e  madel evaluation was 
based on measured and pred ic t ed  roof t o  $kxr Convergence i n  the 
mine. The d e f s m a t i s n  p r o p e r t i e s  of f l o o r  s t r a t a -  requi red  f o r  
maPysis were determined from p l a t e  loading tests,  while similar 
p r o p e r t i e s  f o r  mof strata and coal were determined from l abora to ry  
t es t so  The de temined  material constants were not sca led  down 
f u r t h e r .  A summary 0% the r e s u l t s  is presented  elsewhere, Chugh, and 
P y t e l  (1988). 
After the i n i t i a l  model v a l i d a t i o n ,  the r e l a t i v e  importance 0% t h e  
different  v a r i a b l e s  affeetdwg the  r ~ c f - p i l l a r - f l o o r  i n t e r a c t i o n  such 
as the deformabil i ty o r  ~ c f W u s  of c o a l  and weak f loor  s t ra ta  (Eo = 
63-568 MPa with average value equal t o  189.4 MPa), th i ckness  of weak 
f l o o r  strata (Ho - 0.61-5.49 m with  average va lue  equal t o  1.83 m), 
and its v a r i a b i l i t y ,  number 0% p i l l a r s  i n  a pane l ,  width sf pil lars,  
and width 0% a pmeb were eva%uated us ing the developed model f o r  the . 
study mine in central %l%fws%s. The geometry of  a t y p i c a l  panel  and 
the  average values f o r  different  variables are amas i zed  i n  Figure  3 
and Table 1 .  These ana lyses  were conducted f o r  t h r e e  ( 3 )  overburden 
s t r a t a - c o a l  p i l l a r - f l o ~ r  s t r a t a  l i t h o l o g i e s  (F igure  3 and Table 1 ) .  
Case 1 r ep resen t s  a l a r g e  r a t i o  of unconsol idated t o  consol ida ted  
overburden; case  2 i n d i c a t e s  t h e  presence of a high s t r e n g t h  l a y e r  
( l imes tone  o r  sandstone)  over ly ing  i n  t h e  v i c i n i t y  sf t h e  c o a l  seam, 
and case 3 sepresmts the  case f o r  the weak immediate roof. For each 
sf these eases ,  analyse3 were conducted %or  bonded and unbsnded 
overburden s t s a ~ a  l a y e r s .  The overburden s t r a t a  c h a r a c t e r i s t i c s  of 
the central IPPinoBs mine are represented  by ca8e g o  I n  a d d i t i o n ,  
ana lyses  r ep resen t ing  extremely st i f f  overburden (Case 4 , and 
extremely low s t i f f n e s s  overburden (Case 5)  were also conducted. The 
r e s u l t s  were analyzed f o r  magnitude of p i l l a r  s e t t l e m e n t s  and r e l a t i v e  
changes i n  p i l l a r  p re s su res  f o r  first b a r r i e r  p i l l a r  (No. 30,  Figure 
3), first panel p i l l a r  (No. 3 2 ) ,  and c e n t r a l  panel  p i l l a r  (No. 45).  
The fol lowing d i s w s s i o n  summarizes r e s u l t s .  
Table 1. Typica l  overburden-coal-f loor  s t r a t a  l i t h o l o g i e s .  
Case R o p e r t i e s  ..4aye_.r l!o l F i g U 2  1 11 1 11 IV V VT VT T VTTT IX X 
TAickuess [m] 6.09 9.14 9.14 25.91 37.18 3.05 0.91 1.52 1.83 1.83 
%*,la(*) Modulus of 
e l a s t i c i t y  E [MPa] 68.9 103.4 103.4 861.8 l379,0 4137.0 1 0 3 4 2  1034.2 182.8 6895-0 
Thickness [m] 6.09\9.14 9.14 25.91, 37.18 3.05 0.91 1.52 1.83 1.83' 
2*,2a(*) ~ o d u l u s  of Y 
e l a s t i c i t y  E [ m a ]  68.9 861.8 861.8 861.8 1379.0 4137.0 1034.2 1034.2 182.9 6895.0 
Zhickness [m] 6.09 ?.14 9.+4 25 . 91 , 37.18 3.05 0.91 1.52 1.83 1.83 
3* ,3a(*) ~ O ~ U ~ U S  of 
e l a s t i c i t y  E [Wa] 68.9 861.8 861.8 861.8 1379.0 1034.2 1034.2 1034.2 182.9 6895.0 
* - bonded layer  i n t e r f a c e e  
(*)- unbonded layer  i n t e r f  a c t s  
3.1 Effect of overburden s t i f f n e s s  (F igure  4) 
b e  P i l l a r  s e t t l emen t  and pillas loads  gene ra l ly  decrease  with 
inc reas ing  overburden s t i f f n e s s  f o r  a given panel l ayou t .  
2 .  Decreasing overburden s t i f f n e s s  may transform a s u b c r i t i c a l  
panel  i n t o  a c r i t i c a l  o r  s u p e r c r i t i c a l  panel .  For overburden 
s t i f f n e s s  va lues  t y p i c a l l y  encountered i n  I l l i n o i s ,  lower ( -  8 p c t )  
p i l l a r  loads  and p i l l a r  s e t t l e m e n t s  may develop i n  t h e  c e n t r a l  po r t ion  
of t h e  panel.  S imi l a r  va lues  a t  the edges of t h e  panel  a r e ,  however, 
increased  due t o  Psad t r a n s f e r  towards the b a r r i e r  p i l l a r *  
3. Large overburden s t i f f n e s s  may s i g n i f i c a n t l y  i n c r e a s e  t h e  angle 
of draw value  and u p l i f t i n g  of the  ground over t h e  unmined a r e a s .  For 
t y p i c a l  overburden 1 i t h o l o J e s  i n  a c t i v e  mining a r e a s  i n  I l l i n o i s ,  the  
angle of  draw va lues  vary 18 deg. t o  29 deg. ( f o r  ze ro  movement), i f  
ground u p l i f t  is neglected.  The maximum value  of t h e  es t imated  ground 
u p l i f t  is 0.7 rmn which is wi th in  t h e  accuracy lifits of  second order-  
c l a s s  I1 surveying. The p red ic t ed  va lues  of t h e  angle  of draw a r e  
similar t o  those observed (17-35 deg- based on 3 m of movement i n  t h e  
I l l i n o i s  Basin mines. 
4. For cases  1-3 overburden %i tho%ogies ,  t h e  p red ic t ed  S ~ f l e c t i o n  
p o i n t s  a r e  loca ted  20-25 m away from the panel  b a r r i e r  towards t h e  
center of the  mined-out panel .  Th i s  is c o n s i s t e n t  wi th  subsidence 
observa t ions  a t  t h e  c e n t r a l  I l l i n s i s  mine, where i n f l e c t i o n  p o i n t s  
were loca ted  i n  t h e  mined-out panel  and d i s t a n c e s  from t h e  edge of t he  
panel barrier varied 6.7 m t o  47.2 m, with an average value of 27.3 rn. 
5 .  Slippage between t h e  d i f f e r e n t  s t r a t a  i n  t h e  overburden 
(unbonded case)  can inc rease  t h e  s lope  and cu rva tu re  v a l u e s  by 60 p c t  
and by 200 pet as compared t o  t h e  bonded layers  case. 
6 .  Roof f a l l s ,  based on s lope  and cu rva tu re ,  a r e  expected t o  occur 
ad jacent  t o  the  panel  b a r r i e r  p i l l a r s  and up t o  a d i s t a n c e  equal  t o  
about 10 p c t  of t h e  panel  width. 
7. Slope and cu rva tu re  va lues  of t h e  p i l l a r  s e t t l e m e n t k u b s i d e n c e  
p r o f i l e  a r e  s i g n i f i c a n t l y  more s e n s i t i v e  t o  t h e  degree of bonding 
between layered strata than t o  t h e  changes i n  overburden s t i f f n e s s  
t y p i c a l l y  encountered. 
3.2 E f f e c t  of weak f l o o r  s t r a t a  th ickness  (F igure  5 )  
1 .  Increasing th i ckness  f o r  a given overburden s t i f f n e s s  inc reases  
p i l l a r  se t t lement  l i n e a r l y ,  as would be i n t u i t i v e l y  expected. The 
e f f e c t  of overburden s t i f f n e s s  (unbonded case )  on p i l l a r  s e t t l e m e n t s  
a c r o s s  t h e  panel may be neglec ted .  For t h e  bonded c a s e ,  however, t h e  
se t t l emen t s  of t h e  f i r s t  panel  p i l l a r  are s i g n i f i c a n t l y  smaller 
(20 p c t ) .  
2 .  The changes i n  p i l l a r  p re s su re  on t h e  f i r s t  b a r r i e r  p i l l a r  and 
c e n t r a l  panel p i l l a r  due t o  th i ckness  of weak f l o o r  strata a r e  less 
than 5 p c t  and may be neglected.  The e f f e c t  of overburden s t i f f n e s s  
(unbonded cases )  on changes i n  t h e  p i l l a r  p re s su re  due t o  th i ckness  
of weak f loor  s t r a t a  a r e  a l s o  very small. 
3. Overburden s t i f f n e s s ,  f o r  both unbonded and bonded cases ,  is 
s i g n i f i c a n t  only f o r  s e t t l e m e n t s  and p i l l a r  p re s su res  of  tho f i r s t  
panel  p i l l a r .  
3.3 V a r i a b i l i t y  of  weak 
The value sf weak f l o o r  
between 0.61 t o  1.83 m, 
Ho (x) = 1.219 61 + 0.5 
5 1  
f l o o r  s t r a t a  th i ckness  (F igure  6 )  
s t ra ta  t h i ckness  was v a r i e d  across the panel 
according t o  t h e  fol lowing equat ion:  
s i n  (a  if . x/Wp)] where Wp = 13.72 rn and wp 
r ep resen t s  pilPar width, and q P ~ f v  is the d i s t a n c e  i n  meters  from the 
outermost p i l l a r  (No. 1, Figure  3) and "att is t h e  period of v a r i a t i o n .  
Figure 6 summarize the r e s u l t s  obta ined  and i n d i c a t e  t h a t  t h e  l o c a l  
v a r i a b i l i t y  i n  th i ckness  of weak f l o o r  strata may cause an unsymmetsic 
subsidence prof i le ,  change observed va lues  of t h e  angle of draw, 
l o c a l l y  decrease o r  inc rease  s u r f a c e  subsidence and sHope and 
cu rva tu re  sf the  subsidence p r o f i l e .  Determination sf the r a r i a k i l i t y  
Q% weak f l o o r  s t r a t a  th i ckness  is t h e r e f o r e  considered very i m p s r t m t  
befose designing a mining system, Abrupt changes i n  slope md 
curva tu re  va lues  may l ead  t o  roof f a i l u r e s  i n  unexpected a r e a s ,  
3.4 Deformability o f  immediate f l o o r  strata (Figure  7 )  
s 
1, More and mre laad is transferred t o  t h e  b a r r i e r  p i l l a r s  with 
decreasing modulus of deformation. P i l l a r s  w i th in  the  panel  carry 
Pe%$ load.  The p i l l a r  se t t l emen t  and t h e  s l o p e  and cu rva tu re  of t h e  
subsidence prof i le  a r e ,  however, s i g n i f i c a n t l y  increased ,  which may 
increase the  l i k e l i h o o d  of roof f a%%ures  ad jacen t  t o  t h e  pane% 
barrier., Structural i n s t a b i l i t y  is t h e r e f o r e  l i k e l y  due t o  roof 
% a i l u s e s  r a t h e r  than  due t o  p i l l a r  loads .  . 
2 ,  A low deformation modulus of weak f l o o r  s t r a t a  tends  t o  i n c r e a s e  
the  angle of draw a s  well a s  u p l i f t i n g  of t h e  ground. 
3. The i n f l e c t i o n  po in t  of the p r o f i l e  t ends  t o  s h i f t  toward t h e  
center of the  panel  with decreas ing  modulus of  deformation. A maximum 
s h i f t  of about 5 m is n ~ t e d  %or t h e  t h r e e  c a s e s  analyzed. 
4 The curvature 0% the  p ro f i l e  acmss the panel ,  i n  the  presence 
sf weak f loo r  strata, are s f g n i f i s m t % y  h ighe r  than where no weak 
f%,oos s t r a t a  are involvedh This may lead t o  roof i n s t a b i l i t y  problems 
a l l  across t h e  panel .  
3.5 Load t r a n s f e r  due t o  time-dependent behavior  of  immediate f l o o r  
s t r a t a  
Addit ional  p re s su re  d i ~ t ~ i b u t i o n  o  t h e  p i l l a r s  due t o  time-dependent 
deformation of immediate f l o o r  s t r a t a  is depic ted  i n  Figure 8. 
V i scoe la s t i c  parameters u t i l i z e d  i n  t h e  a n a l y s i s  were E1=l -723 E 7  kPa, 
E2=1 ,723 E5 kPa, N, -1 -91 4 E8 kPa day,  N2=6. 470 E7 kPa day. The 
r e s u l t s  i n d i c a t e  t h a t  a a d i t i o n a l  p r e s s u r e  inc reases  with time i n  t h e  
c e n t e r  of t h e  panel  and on t h e  b a r r i e r  p i l l a r ,  while  it decreases  on 
t h e  edges of t h e  panel  fo r  unbonded overburden strata. The r e v e r s e  
may occur f o r  bonded s t r a t a .  Addi t ional  load t r a n s f e r  due t o  time- 
dependent behavior  of weak f l o o r  s t r a t a  does not  seem t o  be c r i t i c a l  
f r m  a p i l l a r  s t a b i l i t y  po in t  of view u n l e s s  p i l l a r  s e t t l e m e n t s  become 
very l a rge .  The load t r a n s f e r  towards t h e  panel  b a r r i e r s  occurs  very 
slowly f o r  t h e  c a s e s  analyzed. The i n f l e c t i o n  p o i n t s  appear t o  remain 
unchanged, but  t h e  angle  of draw t ends  t o  inc rease  s l i g h t l y .  
3.6 Inf luence  of p i l l a r  y i e l d i n g  
Pi l la r  y i e ld ing  p r imar i ly  a f f e c t s  deformation of t h e  mining 
s t s u e t u s e  with s e t t l e m e n t ,  s lope ,  and cu rva tu re  inc reas ing  by 50, 20 
and 15 percent  r e spec t ive ly .  Addit ional  p i l l a r  p re s su res  due t o  
p i l l a r  y i e ld ing  a r e  i n s i g n i f i c a n t  f o r  e x t r a c t i o n  r a t i o s  encountered 
i n  p a r t i a l  e x t r a c t i o n  room-and-pillar mining and f o r  t h e  cases 
analyzed. Angle of draw is r e l a t i v e l y  unchanged, bu t  the  po in t  of 
i n f l e c t i o n  tends t o  s h i f t  toward t h e  panel  b a r r i e r ,  
3 -7  Inf luence  of panel  width 
For panel widths analyzed (6-45 p i l l a r s ,  Wp = 13.7 m )  , p i l l a r  l oads  
and se t t l emen t s  a t  a po in t  i n  t h e  panel  appear t o  be independent s f  
LILZ panel  width, both f o r  unbonded and bonded overburden s t r a t a .  
This  paper has  analyzed the r e l a t i v e  effects o f  important v a r i a b l e s  
a f f e c t i n g  t h e  roo f -p i l l a r - f loo r  i n t e r a c t i o n  i n  p a r t i a l  e x t r a c t i o n  
room-and-pillar mining systems t y p i c a l l y  p rac t i ced  i n  I l l i n o i s  bas in  
csal mines. The ana lyses  are based on a s impl i f i ed  two dimensional 
a n a l y t i c a l  model u t i l i z i n g  the theory o f  beams on e l a s t i c  o r  i n e l a s t i c  
$sunda%fows. We t h i n k  that the  s t r u c t u r a l  i d e a l i z a t i o n  approach and 
t h e  a n a l y t i c a l  model have s i g n i f i c a n t  p o t e n t i a l  f o r  1 )  p r a c t i c a l  mine 
des ign ,  2 a b i l i t y  t o  analyze complex geometr ies  which are mined a t  
d i f f e r e n t  t imes,  3 )  a b i l i t y  t o  incorpora te  non-linear time-independent 
behavior  of coa l  measure rocks ,  4 )  p o s s i b i l i t y  of cons ider ing  
s t a t i s t i c a l  v a r i a t i o n  of system parameters i n  e s t ima t ing  r e l i a b i l i t y  
f ~r the  e m i r e  panel .  The devebped  a n a l y t i c a l  model is one of t h e  
few a v a i l a b l e  models which can be e a s i l y  appl ied  f o r  r o u t i n e  mine 
des ign  and permits  de terminat ion  of  s u r f  ace subsidence and average 
load acting on p i l l a r s .  An extens ion  of the  model t o  analyze three-  
dimensional geometries is a logical s t e p  and funding is p r e s e n t l y  
being mug" t o  undertake t h e  development. 
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Figure 1. Mining s t r u c t u r e  
and s ~ a t f c a l l y  equivalent 
system, 
Figu re  2.  ba~deP p r e d i c t e d  and mine 
observed values of surface subsidence 
(weaker correlation on t h e  right hand 
side i s  because pane ls  i n  the areas 
were developed a t  a later t i m e  than  
those on the left side). 
F i g u r e  3. Average mining s i t u a t i o n .  
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F i g u r e  4 .  I n f l u e n c e  of ove rburden  s t i f f n e s s  on s u r f a c e  s e t t l e m e n t  (a)  
and c u r v a t u r e  ( b )  . Case 4 (EI=2 .87El l  k ~ m ~ ) ,  c a s e  5 < F T = 2 .  8 7 ~ 7  k ~ m 2 ) . .  
-e.@$@*-m*@M~"em;f"iii:s.2:6 
OISTRNCE FROn W Y E L  CENTER [knl 
F i g u r e  5 ,  S e l e c t e d  r e s u l t s  o f  F i g u r e  6. I n f l u e n e e  of weak f l o o r  
sensitivity a n a l y s i s  f o r  case la strata thickness local variability 
(-1 and 2a (--1, ow surface curvature (case 1). 
F i g u r e  7. I n f l u e n c e  of immedia te  
f l o o r  s t r a t a  d e f o r m a b i l i t y  on 
s u r f a c e  c u r v a t u r e .  
F i g u r e  8. Time dependen t  p r e s s u r e  
t r a n s f e r  f o r  c a s e  1 ( l e f t )  and 
l a  ( r i g h t ) ,  p - p i l l a r  p r e s s u r e  
a f t e r  mining,  pv-before min ing .  
A P P E N D I X  I1 
Figure 11-1 Underground Mine Layout For Example Problem. 
P A N E L  C A L C I P L & T I Q N  S C H E M E  
dimensions i n  IftJ 
Figure 11-2 P a n e l  Layout  Along S e c t i o n  A-A for Analysis o f  Subsidence 
(Example Problem) 
F i g u r e  11-3 S u r f a c e  Subsidence Along  S e c t i o n  A-A. 
F i g u r e  1 1 - 4  Load .Acting on pillars Along S e c t i o n  A-A. 


Ta bl e I I - l Input Data For Program PANEL. 2D (Fi le  INPUT. DAT) 
Table 11-1 ~ont'd 
OK, x panel.2d 
[F77 Rev. 21.0.4 Copyright (c) 1988, Prime Computer. Inc.] 1 
[Serial #IDAM-UAQ79A-C9D8 (SOUTHERN ILLINOIS UNIVERSITY)] 
0000 ERRORS [<PANEL2D> F77 Rev. 21.0.41 
0000 ERRORS [<SETFIL> F77 Rev. 21.0.41 
0000 ERRORS [<OPNFIL> F77 Rev. 21.0.41 
0000 ERRORS [<MODEL> F77 Rev. 21.0.41 
0000 ERRORS [<FACT> F77 Rev. 21.0.41 
0000 ERRORS [<ROWLIN> F77 Rev. 21.0.4] 
[BIND Rev. 21.0.2 Copyright (c) 1985, Prime Computer, Inc.] 
BIND COMPLETE 
Map of PANEEo2D 
TJNDEFINED SYNBBLS: 
Execution initiating 
What is the name of your input file? 
input d a t  
WEAK F L O O R  STRATA MODELS 
[l] WINKLER 
[ 2 ]  ZEMOCHKIN AND SINITSYN 
(Elastic Homogeneous Half-Space) 
[ 3 ]  VLASOV 
[4] CONFINED CLAY LAYER 
% 5 %  
[63  QUIT 
WHICH NUMBER DO YOU WISH? 
What is the name of your output file? 
output. dat . 
-*- 
What is the name of your settlements file? 
settl 
What is the name of your pressures file? 
react 
What is the name of your curvature file? 
curve 
What is the name of your s lope  f i l e ?  
WEAK FLOOR STRIhTA MODELS 
WHICH NUMBER DO YOU WISH? 
No. SETTLEMENT 6 in 1 


Table 11-5 Output File =6$ 
T w e  11-6 Output File SWPE 

